We describe the results of test beam evaluation of a total absorption calorimeter which is designed to have magnetic properties comparable to those of ordinary steel, and thus can be incorporated into the poles of a spectrometer magnet. The test device consists of an iron structure penetrated by a fine-grain pattern of holes, each acting as a gas proportional tube, such that 90% of the volume is occupied by iron. Details of shower development and sampling fluctuations relevant to the design of a large scale device are studied for showers initiated by electrons and hadrons.
I. Introduction
For many experiments at high energy colliding beam facilities it is important that the solid angle covered by calorimeter elements be as large as possible. In most spectrometer designs some of the interesting solid angle is unavoidably given over to the presence of magnet structures. We report here the results of measurements undertaken to evaluate a new technique for instrumenting the pole tips of a spectrometer magnet as active calorimeter elements, without significantly degrading the magnetic integrity of the device.
We consider an iron structure in which the sampling elements consist of a large number of proportional wires in an array of small holes, arranged so that the magnetic flux is not interrupted by gaps and with X 90% of the volume occupied by iron. We have studied a number of possible configurations from the point of view of energy resolution, spatial resolution, readout technique and ease of mechanical construction. The method of studying the energy resolution was to compute the resolution for electromagnetic showers using the EGS Monte Carlo program.1 By comparing a checkerboard sampling pattern with the usual parallel plate configuration we concluded that there is no intrinsic drawback in using structures based on holes rather than plates. We then constructed a small test module to study experimentally the characteristics of such a device. The test module was designed to be large enough to contain electromagnetic showers, with the readout configured to afford direct measurement of the sampling fluctuations and detailed measurements of the longitudinal and lateral shower development. For these initial tests there was no magnetic field applied.
II. The Calorimeter and Test Set-Up
The calorimeter assembly is illustrated in Fig. 1 . It consists of a stack of iron plates, some of which have a row of slots machined on both sides to form the sampling volume. In the assembled stack the slotted plates are interleaved with blank plates, and each of the slots (which total 720 in number) is instrumented as a gas proportional counter with a 12.5 micron diameter wire. The active gas is 90:10 Argon:
Methane. The total thickness of iron along the beam (Z) direction is 20 radiation lengths. 
III. Single Channel Performance
The behavior of the small slots as proportional wire counters was investigated both with an x-ray source (5.9 KeV Le55) and with minimum ionizing tracks (muons).
For both the 2 x 2 mm2 and 2 x 5 mm2 slots the best resolution for the 5.9 KeV peak was obtained with an avalanche gain of X' 5000. The resolution achieved for 2 x 2 slots was 19% FWHM. For the 2 x 5 slots it was slightly worse (22% FWHM). We attribute this difference to the less-than-ideal aspect ratio of the 2 x 5 slots, in particular to a poor efficiency for charge collection from some portions of these slots during the 300 ns U.S. Government work not protected by U.S. copyright.
shaping time. At gains of 105 and higher the resolution width of the x-ray peak degrades rapidly and we begin to observe the effects of gain saturation.
The equivalent noise charge at the output of our shaping amplifier was measured to be X, 3 x 104 electrons rms. A single minimum ionizing track traversing 2 mm of Argon at NTP suffers a mean energy loss of 0.49 KeV, corresponding to approximately 16 electrons.
A gas gain of 104 should give good efficiency for detecting single charged particles, and higher gains than this should not be necessary to obtain a good measurement of shower energy. Nonetheless, we found that the energy resolution for electron showers was highly sensitive to the gas gain. Shower data were obtained with the calorimeter at two different high voltage settings, corresponding to gas gains of 2 x 104 and 4 x 104 for the 2 x 5 slots. The energy resolution for electron showers was found to be worsq by X 20% at the lower of these gain settings, and a detailed study of the sampling fluctuations in isolated portions of the calorimeter stack (see later, Section IV) show a steeper dependence on high voltage setting for the 2 x 5 than for the 2 x 2 slots. We attribute these effects to the adverse charge collection properties of the rectangular slot cross section.
On the basis of these studies the calorimeter was operated at 1050 volts to obtain the results reported below. This corresponds to an avalanche gain of 4 x 104 for the 2 x 5 slots. (As a matter of convenience, the same high-voltage was applied to all slots. For the 2 x 2 slots the gain was higher by a factor of about 2 at this voltage. This gain difference is corrected in the overall calibration.) In Fig. 3 we show, for the chosen gain setting, the pulse height spectrum for muons crossing a single slot. The spectrum is averaged over all illuminated slots, after calibration; the pulse height scale can be directly compared with the spectra shown in subsequent figures.
IV. Shower Measurements

A.
Shower Development Figure 4 shows the summed pulse height spectra obtained for electron and pion triggers in a 4 GeV/c beam entering the stack at 0°relative to the Z-axis (normal to the front face). The electron data exhibit a Gaussian shape corresponding to full energy containment, whereas for hadrons the typical case is for less than half of the shower energy to be contained in the stack. The peak near zero corresponds in part to a small contamination of muons, and in part to a fraction of the incident hadrons which penetrates the full depth of the stack without interacting. (We expect this latter fraction to be X 10%, as the full thickness is 2.4 absorption lengths.)
The distribution of sampled energy, summed over a single plate at a depth of X 5 radiation lengths, is shown in Fig. 5 . This is near the depth of maximum energy deposit for 6 GeV electron showers. The most probable pulse hieght for the electron showers is X 50 times higher than the value for a single minimum ionizing particle (see Fig. 3 ). The full longitudinal shower development for electrons is mapped in Fig. 6 , where we have plotted the most probable value of the pulse height distribution as a function of depth in the calorimeter.
The transverse widths of electron, hadron and muon showers are illustrated in Fig. 7 . Here ax is the rms spread of the shower about its centroid in the x direction, measured at each plate and averaged over the full depth of the shower. Pion showers exhibit a much broader spectrum of widths than electron showers, as expected, and the non-interacting component stands out clearly as a peak above a background of hadronic showers which begin their development deep in the stack (late-developing showers). Typical lateral shower profiles, measured along the x-direction in a single calorimeter plate, are illustrated in Fig. 8 . It should be noted that this measurement requires a knowledge of the pulse height on individual wires, and we do not obtain this directly. However, the organization of the readout, as described in Section II, permits us to estimate the pulse height on each wire with the constraint that the true pulse height contributes equally to the sum on one "x" bus and one "z" bus. For the pion case the shaded histogram shows the effect of removing the non-interacting and late-developing components (ax < 0.5 cm). The hadronic showers, aside from being broader than electron showers, have a very different shape. It has been noted before2 that hadronic showers are characterized by long tails in the transverse direction. We see here that in contrast to the Gaussian shape of electron showers, the hadronic showers fall off exponentially in the transverse plane (Fig. 8c) .
The rms width of showers as a function of depth in the stack is plotted in Fig. 9 for electrons and pions. As we did not measure precisely the trajectories of incident particles, the rms width of the lateral profile in each of the calorimeter plates was measured with respect to the shower centroid obtained from the total energy deposited in the stack. This procedure is responsible for the apparent minimum at a depth of 5 cm in the electron data. The effect is an artifact of the 5 mm spacing between sampling slots along the x direction in each plate, and the fact that within the first few radiation lengths most showers are not well developed but behave as a single track (see, e.g., Fig. 6 ).
Thus, in the first few plates most of the showers strike only one wire, taking the x coordinate of that wire, whereas the centroid position is determined from the fully developed shower which spreads laterally over several wires. Beyond this minimum the data show the lateral development of electron showers to be characterized by an increase in the rms width of about 0.25 mm for each 10 cm of depth in iron. There is no significant dependence of this behavior on the shower energy over the range investigated here.
The data for pions in Fig. 9 
With the present data we can measure separately the sampling fluctuations in isolated portions of the calorimeter, and it is of particular interest to compare the fluctuations observed in the 2 x 2 slot geometry with that for the 2 x The performance of proportional wires in the small rectangular slots was found not to be ideal, requiring an unusually high operating voltage to achieve good energy resolution. Future designs should endeavor to keep the aspect ratio of the slot cross section as nearly square as possible. This should not be a very fundamental restriction as the sampling fluctuations do not depend strongly on the shape of the slots, but are largely determined by the fractional sampling volume. 
